Abstract The aim of the study was to evaluate the effect of essential oils obtained from Thymus vulgaris L., Origanum vulgare L., Origanum majerana L., Mentha 9 piperita L. and Allium ursinum L. against Prototheca zopfii strains that cause inflammation of the udder (mastitis) in cows. The study was conducted on ten strains derived from milk samples. The microdilution method was used to determine the sensitivity of P. zopfii strains to the studied essential oils, and the disk diffusion method was used to determine the sensitivity to antifungal chemotherapeutics. The plates were incubated for 48 h at 37°C under aerobic conditions. All strains of algae were sensitive to the essential oils marjoram, thyme and oregano and resistant to mint and garlic oils. MIC values ranged from 0.25 to 1 ll/ml. Marjoram oil demonstrated the greatest activity, and oregano oil the weakest. Among the antifungal agents tested, 90% of strains showed sensitivity to nystatin. One of the tested strains (71/IV) was resistant to all investigated antifungal agents. The tested essential oils are known to have anti-algae activity and can be used as natural agents for prophylaxis in animals, particularly in mastitis-affected cows.
Introduction
Although viruses, bacteria or fungi are commonly known to be pathogenic to animals and humans, the algae of the genus Prototheca may also present a threat. Potentially pathogenic species of this type are Prototheca wickerhamii and Prototheca zopfii [1] .
Prototheca zopfii is mainly responsible for infection in animals, and the most common protothecosis is mastitis. The disease causes serious economic losses. Infection results in reduced production and poorer quality of milk, and the infected cows are usually slaughtered. The pathogen is transmitted through sick animals and the environment: drinking water, slurry, feces, the walls and floors in stalls, equipment and cups of milk [2] . A number of factors are known to promote infection, including age of cows, number of episodes, past inflammation and treatment method. The cows are more vulnerable in the early lactation stage [2, 3] . Treating Prototheca mastitis is difficult, and the applied therapy is beset by resistance, which may be caused by the presence of sporopollenin in the algal cell wall [2] . Commonly used antibacterial and antifungal agents are ineffective, despite demonstrating biological activity in vitro. Despite many attempts, the use of intramammary administration of levamisole and tetramisole has failed to demonstrate clinical efficacy [2, 4] .
Due to the increasing resistance of microbial strains, including pathogenic algae, to synthetic drugs and the limited use of chemotherapeutics, increasing numbers of anti-algae are being sought in nature. Fortunately, plants are sources of many new and potentially effective substances [5] that may be employed in the treatment of protothecosis. The healing and antimicrobial properties of essential oils derived from plants have been known for centuries. Various studies have examined the effects of essential oil application against Prototheca strains [6] [7] [8] [9] .
The aim of the study was to evaluate the effect of essential oils obtained from Thymus vulgaris L., Origanum vulgare L., Origanum majerana L., Mentha 9 piperita L. and Allium ursinum L. against P. zopfii strains that cause inflammation of the udder (mastitis) in cows. The study used thyme, marjoram, mint [6, 8, 10, 11] , oregano [6, 11, 12] and bear garlic oils [13, 14] , which are believed to have antifungal and anti-algae effects. Peppermint oil is recommended for mastitis therapy. Japanese mint oil is a particularly effective remedy for inflammation due to its higher menthol content [15] .
Materials and Methods

Isolation and Identification of Prototheca zopfii Strains
Prototheca zopfii isolates were obtained from a range of milk samples taken from cows with mastitis in the Department of Animal and Environmental Hygiene, University of Life Sciences in Lublin. P. zopfii strains were identified using standard microbiological methods: They were cultured in Sabouraud Dextrose Agar (bioMerieux, Poland), incubated for 48-72 h at 37°C and then Gram-stained. Identification was performed using routine culture, macro-and microscopic morphological characterization and API 20C AUX (bioMerieux, Poland) [16] [17] [18] [19] . Clotrimazole susceptibility testing using antibiotic disks (clotrimazole 50 lg) (Bio-Rad) allowed rapid differentiation of P. wickerhamii from P. zopfii [20] .
Testing the Susceptibility of Prototheca zopfii
Isolates to Antifungal Chemotherapeutic Agents
The P. zopfii isolates were cultured in Sabouraud Dextrose Agar (bioMerieux, Poland) and incubated at 37°C for 48 h under aerobic conditions. Algae suspensions were prepared with an optical density of 0.5 on the McFarland scale using a densitometer (Den-1B McFarland BioSan Densitometer). Antibiotic susceptibility was investigated by the disk diffusion method on Yeast Nitrogen Base Agar (Becton Dickinson and Company, USA) or on Mueller-Hinton II Agar (Graso, Poland). The following antifungal chemotherapeutic agents were used (Graso, Poland): nystatin (100 lg), amphotericin B (20 lg), clotrimazole (10 lg), miconazole (10 lg), ketoconazole (10 lg), fluconazole (25 lg), econazole (10 lg), flucytosine (1 lg). The results were verified after 24 and 48 h of incubation at 37°C for all antimicrobials. The inhibitory zone diameters were measured and interpreted according to Clinical and Laboratory Standard Institute (CLSI) [21] and EUCAST standards [22] .
Essential Oils Used in the Experiments
Plant Material
The aboveground parts (stems, leaves and inflorescences) of five herbs species (T. vulgaris L. Qualitative and Quantitative Analysis of EO Assay of the EO Content The content of essential oil in herbal raw materials was assayed by indirect distillation with xylene for 3 h. The distillation was conducted in conformance with the Polish Pharmacopoeia VI [23] .
GC Analysis: Qualitative and Quantitative Analysis A GC/MS. ITMS Varian 4000 GC-MS/MS (Varian, USA) equipped with a CP-8410 auto-injector and a 30 m 9 0.25 mm i.d. VF-5 ms column (Varian, USA), film thickness 0.25 lm, was used; carrier gas He at a rate of 0.5 ml/min; injector and detector temperature 250 and 200°C, respectively; split ratio 1:50; injection volume 5 ll. A temperature gradient was applied (50°C for 1 min, then incremented by 4°C/min to 250°C, then held at 250°C for 10 min); ionization energy 70 eV; mass range 40-870 Da; scan time 0.80 s. The oil obtained was collected in dark glass vessels, dried using dehydrated sodium sulfate and stored at below -10°C until chromatographic determination.
GC/FID. GC Varian 3800 (Varian, USA) equipped with a CP-8410 auto-injector and a 30 m 9 0.25 mm DB-5 column (J&W Scientific, USA), film thickness 0.25 lm, carrier gas helium 0.5 ml/min, injector and detector FID temperatures 260°C; split ratio 1:100; injection volume 5 ll. A temperature gradient was applied (50°C for 1 min, then incremented by 4°C/ min to 250°C, 250°C for 10 min).
A qualitative analysis was performed on the MS spectra of the samples; the results were compared with those of the NIST library [24] and with data available in the literature [25, 26] . The identity of the compounds was confirmed by their retention indices, taken from the literature [25, 26] and our own data. The quantity composition of the volatile oil was determined by GC(FID), assuming that a total area percents of all the particular oil constituted 100%. All determinations were performed in triplicate and averaged.
The Determination of the Minimal Inhibitory Concentration (MIC) of Essential Oils
The microbial activity of the studied essential oils was determined by the microdilution method in the broth according to NCCLS guidelines-The National Committee for Clinical Laboratory Standards based on document M27-A2 for yeast [27] .
The tested strains of P. zopfii were cultured in a Sabouraud Dextrose Agar (SDA) bioMerieux and incubated for 48 h under aerobic conditions at 37°C. From the inoculum, suspensions of algae were prepared in physiological saline (0.85%) with an optical density of 0.5 McFarland, which is approximately equal to 1 9 108 c.f.u./ml. To determine the density of the suspension, a Den-1B McFarland Densitometer (BioSan) was used.
The tests were performed using sterile 96-well microtiter plates (ProfiLab, Poland). The oils were diluted in DMSO. For each oil, concentrations of 32 to 0.0625 ll/ml were prepared in Sabouraud Dextrose Broth (Graso, Poland), with 100 ll of each concentration being mixed with the same volume of algae suspension. Two controls were prepared: a positive control without the essential oil and a negative control without the Prototheca suspension. Control media, containing only DMSO at the concentration used, did not inhibit the growth of strains. The minimum inhibitory concentration (MIC) of the test substance, i.e., its lowest concentration preventing the growth of the microorganism (no turbidity), was determined after 48-h incubation at 37°C under aerobic conditions. To confirm the visually defined MIC, SDA plates were plated with 100 ll dilution from the last well without turbidity and the results were read after 48 h under aerobic conditions at 37°C. All tests were performed in triplicate.
Results
Essential Oil Content
In total, 57 compounds were identified in thyme essential oil, seven compounds in bear garlic oil, 36 in peppermint oil, 34 in marjoram oil, and 40 in Greek oregano essential oil, including unidentified compounds. The dominant compounds in the case of thyme essential oil were thymol (51.96%), p-cymene (17.73%) and c-terpinene (5.97%); peppermint essential oil contained mainly menthone and iso-menthone (57.57%) as well as menthol (15.32%). Sulfur-containing compounds (37.48%) were the principal components of bear garlic oil, while the main components of marjoram essential oil were trans-sabinene hydrate (38.1%), borneol (11.1%) and sabinene (7.6%). Greek oregano essential oil contained mainly carvacrol (77.29), p-cymene (8.85%0 and c-terpinene (4.93%) ( Table 1) .
Phenols and monoterpene hydrocarbons predominated in the samples of thyme and Greek oregano, while marjoram etheric oil was high in oxygenated monoterpenes and monoterpene hydrocarbons. These groups of compounds demonstrated the highest activity against the tested P. zopfii strains: Sesquiterpenes, hydrocarbons, sulfur and carbonilic compounds do not seem to be as effective in inhibiting the activity of P. zopfii isolates.
Resistance to Antifungal Chemotherapeutic Agents of Prototheca zopfii Isolates
The P. zopfii strains isolated from cow milk samples were found to be highly resistant to most of the recommended chemotherapeutics for fungal cells ( Table 2) . None of the antifungal agents influenced strain 71/IV. All other P. zopfii strains were susceptible to nystatin. Three of the ten tested strains acted only this one antibiotic. Of these two strains, one was sensitive to nystatin and miconazole (166/IV), and the other to nystatin and ketoconazole (764/IV). Three of the chemotherapeutic agents tested were susceptible strains: 801/IV, 44/IV and 48/IV. Strain 49/IV was the least sensitive-four showed sensitivity to chemotherapeutics (nystatin, ketoconazole, miconazole and econazole). All tested strains were resistant to fluconazole and flucytosine.
Susceptibility of Prototheca zopfii Isolates to Tested Essential Oils
All tested strains were sensitive to thyme, marjoram and oregano oils and insensible to peppermint and bear garlic oils. The marjoram oil was the most effective inhibitor of the tested strains of P. zopfii, with MIC values ranging from 0.25 to 0.5 ll/ml, while the least effective was oregano, with MIC values of 0.5 to 1 ll/ ml. For thyme oil, the MIC values ranged from 0.25 to 1 ll/ml (Table 3) .
The weakest tested oils worked on strain 71/IV (Table 3) which was resistant to all antibiotics used ( Table 2 ). The most effective was marjoram essential oil (MIC: 0.5-1 ll/ml); thyme oil and oregano (MIC: 1 ll/ml) were less effective. MIC values were obtained for strain 48/IV (marjoram oil-MIC: 0.25 ll/ml, thyme oil and oregano-MIC: 1 ll/ml) ( Table 3) .
Discussion
The results show that marjoram, thyme and oregano essential oils effectively inhibit the growth of P. zopfii strains. The essential oils contain many compounds that act synergistically and induce strong anti-algal effects. The active substances, including carvacrol and various polyphenols, are capable of dissolving the algal cell wall and penetrating into the cell, where they affect the cell metabolism [7, 28] : They cause damage to the cell membrane and cytoplasm, release proton propulsion and coagulate the cytoplasmic contents [29] .
Key to this process is the lipophilic nature of the hydrocarbon skeleton and the hydrophilic nature of the functional groups. Of these compounds, the greatest activity is demonstrated by phenols, with activity falling in the following sequence: aldehydes [ ketones [ alcohols [ esters/ethers [ hydrocarbons. The most active phenols are thymol, carvacrol and eugenol, and these are present in various oils including thyme and oregano oil. Slightly less activity is demonstrated by mint and marjoram oil, as well as other essential oils which contain alcohols, e.g., terpinen-4-ol, a-terpineol and menthol [30] .
The in vitro effectiveness of essential oils against Prototheca algae strains has also been confirmed by other researchers. Bouari (Cuc) et al. [7] tested the effects of oils from Satureja hortensis and Abies alba on P. zopfii. The strains of P. zopfii were derived from milk samples from mastitis cows and cow excrement. The MIC values for the essential oils (0.25-1 ll/ml) are the same as those for the marjoram, thyme and oregano oils. Fir oil is characterized by lower antialgae activity (MIC: 1-4 ll/ml) than those tested in the present study. Grzesiak et al. [9] tested eight essential oils: cinnamon (Cinnamomum zeylandicum), geranium (Pelargonium graveolens), clove (Syzygium aromaticum), thyme (T. vulgaris), lavender (Lavandula angustifolia), basil (Ocimum basilicum), rosemary (Rosmarinus officinalis) and clary sage (Salvia sclarea). The activity of these oils was tested against eight strains of P. zopfii isolated from milk samples taken from cows suffering from mastitis using the broth microdilution method. All studied oils were effective against algal strains, of which cinnamon, clove and thyme had the greatest effectiveness (MIC: 0.6-1 ll/ml). While the MIC values of thyme oil were found to range from 0.25 to 1 ll/ml in the present study, they were found to range from 0.6 to 1 ll/ml by Grzesiak et al. [9] . Although these are similar values, slight discrepancies may result from differences in the composition of the oil.
The P. zopfii strains showed low sensitivity to routine chemotherapeutics. All were 100% resistant to fluconazole and flucytosine and 90% resistant to clotrimazole, econazole and amphotericin B. The most sensitive were nystatin (90% of strains showed sensitivity) and ketoconazole (50% of strains were sensitive). Similar results were obtained by Wawron et al. [31] who conducted a study on 27 strains of P. zopfii. The strains of algae showed 100% resistance against clotrimazole, fluconazole, econazole and flucytosine and nearly 93% for miconazole. The most effective agents were nystatin (88.9% of strains), It is interesting that while only one strain was found to be susceptible to amphotericin B (801/IV) in the present study, Wawron et al. [31] report that almost half of the tested strains were susceptible. Grzesiak et al. found that while eight tested strains of P. zopfii were susceptible to nystatin, they were 100% resistant to amphotericin B, clotrimazole, miconazole, ketoconazole, fluconazole, econazole, fluorocytosine, amoxicillin, piperacillin and ceftazidime. Some strains were also resistant to gentamicin and tetracycline. The increasing number of cases of human and animal protothecosis caused by Prototheca algae, including mastitis, and increasing resistance to routine antifungal chemotherapeutics [2, 32] , has prompted intense research into new anti-algae agents by researchers and commercial companies. Numerous in vitro studies have shown that the oils of various plants demonstrate effective antimicrobial activity against pathogenic strains of the genus Prototheca, due to their high levels of polyphenols, catechins and isoflavones, together with various other biologically active compounds [33] . Studies carried out by Bouari (Cuc) et al. [8] in vivo on a mouse model show that mint oil (Mentha piperita) and savory oil (S. hortensis) are highly effective against skin symptoms caused by P. zopfii.
Conclusions
The obtained results show that the studied essential oils can effectively reduce the growth of P. zopfii strains, including those resistant to antifungal chemotherapeutics used in the treatment of protothecosis. The essential oils are effective at very low concentrations and are safe. 
